In this work, the effects of milling techniques on Pr-substituted YBa2Cu3O7-y (YPrBCO) particles were investigated. The Pr-substituted YBa2Cu3O7-y powders were prepared by solid-state reaction method. The stoichiometric mixtures of Y2O3, BaCO3, CuO and Pr6O11 starting powders were calcined at 880 o C for 12 h in air to form respective compounds. The resulting products were milled for 4 -12 h using the conventional ball milling technique and for 4 h using the high-energy planetary ball milling method. The phase and structure identification of powders were characterized by X-ray diffraction (XRD) technique. The microstructure and chemical composition were studied using scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDS). The XRD patterns indicated that the pure phase of YPrBCO powders was obtained. For this material system, the conventional ball mill technique gave particles having a relatively wide particle size distribution with a maximum size of ~2 µm regardless of milling time. In contrast, the narrower particle size distribution was observed for the YPrBCO powder obtained from the high-speed ball milling method and the largest particle size did not exceed 100 nm. These results showed that the powder produced by the high-speed ball milling technique could have a potential use in colloidal solution for printed thermoelectric film.
Introduction
For large-scale thermoelectric device fabrication, several attractive techniques are solution-based printing processes such as inkjet printing and screen printing because of their simplicity, affordability, low cost, and eco-friendliness [1, 2] . In screen printing, ink is deposited through a porous printing plate made from a mesh that is affixed to a rigid frame. For this system, the ink must flow under shear stress but quickly set up elastically upon relaxation [1] . Therefore, the highly homogeneous composition as 2 well as with desirable size of less than 1 µm and narrow particle size distribution of powder precursor are important factors for a suitable printing solution [3] .
Recently, metal-oxide nanoparticles have been the subject of much interest because of their properties which differ from the bulk. Reducing the particle size and controlling the morphology often results in the dramatic changes in properties during the direct incorporation into device via microfabrication process [4, 5] . For thin film thermoelectric (TE) devices, their nanostructures showed not only smaller size but also improved ZT value due to an increase in Seebeck coefficient by quantum size effect and a decrease in thermal conductivity from enhanced phonon scattering [6, 7] .
High-Tc YBa2Cu3O7-y (YBCO) cuprate oxide superconducting compound is one of the best materials for superconductor applications including magnets, power transmission line and generators [4, 8, 9] . It has an orthorhombic perovskite structure for superconducting phase (123-phase) [10] . Its superconducting properties may be affected by defects induced in the structure. With the presence of oxygen vacancies, the YBCO ceramics with rather good thermoelectric properties have been obtained as reported by Prayoonphokkharat et al [11] and Wannasut et al [12] . Another way to manipulate the electrical properties of YBCO is through the Y-site substitution by ions such as Sn, Ce, Sm, Dy, Zn previously investigated by many researchers [9, [13] [14] [15] [16] [17] . One 123-type compound of our interest is PrBa2Cu3O7-y (PrBCO) which has a structure isomorphic to YBCO but its electronic structure and charged carrier transport behavior causes this compound to be a semiconductor [18, 19] . The substitution of Pr into YBCO is therefore expected to dramatically change the electrical conduction behavior in this 123-type compound.
A variety of preparation methods such as chemical solution, sol-gel, metal-organic chemical vapor deposition (MOCVD), pulsed laser deposition (PLD), citrate-pyrolysis and solid-state reaction have been used to synthesize Y1-xPrxBa2Cu3O7-y (YPrBCO) [20] [21] [22] [23] . Despite being the simplest method with industrial-scaled synthesis capability, the solid state reaction requires a careful control of the composition of starting reactants and calcination procedures which, in turn, play significant roles in phase formation and the characteristic of synthesized nanoparticles [4, 10] . For example, by substitution of Pr for Y, the Y1-xPrxBa2Cu3O7-y solid solution having particle size in a range of 1-20 m (and 50 -100 m agglomerates) was obtained along with BaCuO2 and CuO second phases [18, [24] [25] [26] [27] . In terms of size and phase requirements, these particles were not yet suitable for being used in ink jet or screen print solution.
Therefore, this research attempts to synthesize pure Pr-substituted YBa2Cu3O7-y powders by the solid-state reaction method. Post grinding and milling procedures are employed to reduce the particle size. The relationships between phase, structure and chemical composition of these powders are established and discussed in detail.
Experimental
The Pr-substituted YBa2Cu3O7-y (Y0.5Pr0.5Ba2Cu3O7-y or YPrBCO) powder was fabricated by solidstate reaction method. The starting powders of Y2O3, BaCO3, CuO and Pr6O11 were mixed in a desired stoichiometric ratio by wet-ball milling method for 24 h in ethanol. The mixture was dried and calcined in an open alumina crucible at 880 o C for 12 h in the normal air atmosphere. The resulting YPrBCO powder was divided into 5 parts. The first part was manually ground in an agate mortar (i.e. unmilled sample). The second to the fourth parts were milled via conventional ball milling technique for 4, 8 and 12 h, respectively. The last part was milled for 4 h using the high-energy planetary ball milling instrument with a milling speed of 1000 rpm. The ball-to-powder ratio of all milling techniques was about 8:1. The powders were characterized for phase identification by X-ray diffraction (Rikagu Smartlab) with CuK ( = 1.5405 Å) radiation over 2 angle range of 10 -60 o . The microstructural analysis was carried out using scanning electron microscopy (JEOL-IT300) and the elemental composition were deduced by energy dispersive X-ray analysis (SEM-EDS).
Results and Discussion
The XRD patterns of the unmilled, conventional ball milled and high-speed ball milled samples are shown in Figure 1 . For the unmilled and conventional ball milled samples, pure phase of YPrBCO was obtained and X-ray peaks corresponded to the standard data of JCPDS file No. 01-079-0312, indicating an orthorhombic structure [18, 19, 25] . The quantitative analysis on the XRD patterns of YPrBCO powders was carried out by the Rietveld refinement procedure using MAUD program [28] . It was found that a small amount (< 1-2 wt%) of BaCuO2 secondary phase was present in all samples. BaCuO2 could form from BaCO3 and CuO via the following reaction [13] :
Except for the unmilled sample, the presence of BaCO3 in the milled powder could originate from the degradation of the powder due to localized heating by mechanical force (despite the fact that the cooling system was used during milling) in which the residual Ba could react with CO2 as previously observed in the fabrication of YBCO nanoparticles [4, [29] [30] [31] . The amount of BaCO3 in this study was found to be < 1 wt% for the conventional ball milled sample and ~7 wt% in the high speed ball milled sample. Nevertheless, this phase was found to disappear after post heat treatment (or sintering) in oxygen atmosphere [29] .
In addition, from the XRD data, the crystallite size of all samples was estimated using the Scherrer equation [32] ,
where K is the Scherrer's constant,  the X-ray wavelength, the full width at half maximum (FWHM) and  the XRD peak position (i.e. one half of 2). The estimated crystallite size values of YPrBCO powders are shown in Table 1 . It was found that for the unmilled sample, the crystallite size was about 28.3 nm. For the conventional ball milled powders, the crystallite size of YPrBCO powders decreased from 27.7 to 20.9 nm when the milling time increased from 4 to 12 h, respectively. For the high speed ball milled sample, the broadening of the XRD peaks (compared to those of the conventional ball milled samples) gave the smallest crystallite size of about 15.9 nm despite the fact that the milling time used was only 4 h. The microstrain in the crystallites may also play a role in the peak broadening. Although the estimated crystallite size of all samples was in nanometer range, the actual particle size was much larger as observed in the SEM images described in the next section. Figure 2 shows the SEM micrographs of the unmilled (Figure 2(a) ), conventional ball milled (Figure 2(b)-(d) ) and high speed ball milled (Figure 2(e) ) YPrBCO samples. The microstructure of the powders exhibited an irregular shape. The particle size of the unmilled sample was in a range of 1-5 m whereas the milled samples showed smaller particle sizes. For example, using the conventional ball milling for 4 h could reduce the particle size to 1-2 µm and longer milling time further decreased the particle size as shown in Table 1 . A closer look at high magnification revealed that the particles appeared as a clump of fine crystals of about 200 -300 nm size for 8 h-milled sample (Figure 2(c) ) and 100-200 nm for 12 h-milled sample (Figure 2(d) ). For the high speed ball milling sample ( Figure  2(e) ), the particles had more spherical shape with particle size in a range of 50-100 nm. Thus, these results confirmed that the high speed ball milling for 4 h could effectively produce nanoparticles compared to the conventional ball milling method. In terms of size, size distribution and shape of the prepared particles, it seems that the high speed ball milled powder was most suitable to be incorporated into a printing solution with a suitable solvent [6] . It has previously been shown that the printed thermoelectric thin film of some non-oxide compounds showed good thermoelectric behavior due to the nanostructuring and low-dimensional effects [6, 7, 33, 34] . Therefore, the solution formulation and the suitable post heat treatment steps of this oxide compound will be further investigated for the optimum printing process. shows the elemental analysis using energy dispersive X-ray analysis (EDS). It was found that the approximate nominal composition of (Y+Pr) : Ba : Cu of samples was closed to 1 : 2 : 3. However, for the high speed ball milled samples, the reliable elemental composition could not be obtained due to the rather small particle size compared to the resolution (~1-2 µm) of the SEM-EDS system. However, the composition of the main phase in this sample should be comparable to the other samples based on their similar XRD patterns. 
Conclusions
This research showed the effect of milling techniques on particle characteristics of conductive Prsubstituted YBa2Cu3O7-y compound prepared by solid state reaction under normal air atmosphere. Xray diffraction analysis indicated pure YPrBCO powders with an orthorhombic structure. The crystallite size and microstrain caused the broadening of the XRD peaks in high speed ball milled sample. The microstructure showed a rather large particle size in micrometer range with wide particle size distribution for the conventional ball milled sample compared to the nanoparticles observed in the high speed ball milled sample. The result of chemical composition measurement by EDS showed that the (Y+Pr):Ba:Cu was closed to 1:2:3. Thus, these results suggested that the high speed ball milling method could effectively produce the nanoparticle powders suitable for the fabrication of printed thermoelectric film.
